Myocardial ischemia alters the immunofluorescent staining pattern of lysosomal cathepsin D from one that is essentially participate to one in which a diffuse staining pattern predominates. Prolonged starvation causes an apparently similar redistribution of cathepsin D from discrete secondary lysosomes to diffusely staining sites. However, because of the limits of resolution of immunofluorescence techniques, it has not been possible previously to define the exact nature and location of cathepsin D staining in these conditions. Accordingly, a new procedure employing peroxidase-labeled antibodies has been developed to allow localization of cathepsin D with electron microscopy. Most of the cathepsin D that can be detected in normal hearts with this technique is present in classic lysosomal structures, analogous to the particulate staining pattern seen with immunofluorescence microscopy. The technique also reveals, for the first time, definitive ultrastructural evidence that ischemia induces lysosomal leakage and redistribution of cathepsin D into the cytoplasm. Starvation is not accompanied by release of cathepsin D into the cytoplasm; rather, there is widespread, increased distribution of cathepsin D within elements of the sarcoplasmic reticulum, whose diameters are too small for resolution with light microscopy. Thus, although both ischemia and starvation increase nonsedimentable cathepsin D activity, as measured biochemically, and produce a diffuse staining pattern under immunfluorescence microscopy, electron microscopy reveals a distinctly different subcellular distribution for this enzyme in the two conditions. These results emphasize that considerable caution must be exercised in interpreting biochemical and histochemical changes suggestive of enzyme release from lysosomes, in the absence of supportive ultrastructural evidence.
OVER the past decade, considerable debate has revolved around the hypothetical involvement of lysosomes in myocardial ischemic cell injury. The main theme of this argument centers on whether ischemia induces early release of lysosomal degradative enzymes into the cytoplasm of injured myocytes (for reviews, see Wildenthal, 1975 Wildenthal, , 1978 . Considerable biochemical evidence suggests that a significant decrease in lysosomal enzyme latency attends cardiac ischemia or hypoxia [Brachfeld, 1969; Ravens and Gudbjarnason, 1969; Ricciutti, 1972; Gottwik et al., 1975; Decker et al., 1977; Welman and Peters, 1977; Kennett and Weglicki, 1978; Wildenthal et al., 1978; Decker et al., 1977 ]. In conjunction with these biochemical observations, a subcellular redistribution of lysosomal acid phosphatase and aryl sulfatase reaction products apparently progresses during the early phases of myocardial ischemia McCallister et al., 1977; . Observations dependent on fluorescent microscopy also seem indicative of a release of lysosomal degradative enzymes, including the acid proteinase cathepsin D, into the myoplasm early in ischemia .
Apparent redistribution of lysosomal enzymes is not confined to interventions such as ischemia that produce cell injury or death. A variety of pharmacological and physiological interventions alter lysosomal latency in the absence of overt myocardial cell damage (Hendy et al., 1969; Rannels et al., 1975; Wildenthal, 1976; Wildenthal et al., 1975 Wildenthal et al., , 1977 Ridout et al., 1978; Wildenthal and Crie, in press ). An especially dramatic example of this occurs in prolonged starvation, which elicits a major increase in nonsedimentable cathepsin D activity (Wildenthal et al., 1975a (Wildenthal et al., , 1975b . In addition to biochemical evidence of lysosomal alterations, starvation produces a dramatic anatomical redistribution of immunofluorescently detectable cathepsin D , which closely resembles that observed during ischemia . It has not been clear, however, whether the subcellular changes that account for these observations are the same or different in the two conditions, and the limits of resolution of fluorescent microscopy and the nonspecific nature of biochemical measure- VOL. 46, No. 4, APRIL 1980 ments of lysosomal parameters have prevented resolution of the problem.
Recently, techniques have been developed for immunocytochemical identification of cathepsin D at the electron microscopic level [Decker et al., in press (b) ] which provide sufficient resolution to locate precisely this proteinase at the subcellular level. Accordingly, the present experiments were undertaken to compare the distribution of lysosomal cathepsin D in normal, ischemic, and starved myocytes of the rabbit subendocardium. These studies indicate that the redistribution of cardiac cathepsin D that attends ischemia and starvation is fundamentally different in the two conditions, despite the close similarity of biochemical changes and apparent localization in the fluorescent microscope.
Methods
New Zealand white male rabbits, aged 3-5 months (body weight = 2.0-3.0 kg), were obtained from Sunny Acres Rabbitry. Control animals were fed (Wayne Lab-Blox, Allied Mills, Inc.) ad libitum. For studies of starvation, rabbits were provided water but no food for 6 days. The animals were stunned by a blow to the head, the hearts were rapidly excised and placed in 0.9% NaCl at 4°C, and small sections of left ventricular myocardium were taken for fixation.
For studies of ischemia, fed rabbits were anesthetized with sodium pentobarbital (30 mg/kg) and ventilated with a Harvard respirator (Harvard Apparatus Co., Inc.). Blood gas partial pressures and pH were maintained within normal ranges throughout the experiments. The chest was opened to expose the left atrium and ventricle, and a 3-0 silk ligature was tied around the circumflex branch of the left coronary artery. The artery was ligated for 1 hour and the ischemic area was located visually. Previous radioactive microsphere studies (unpublished observations) indicate that this region of cyanotic tissue incurs a reduction of approximately 85% in coronary blood flow, making this area acutely ischemic. The heart was excised and washed briefly in cold saline. Small sections of tissue from the center of the area supplied by the ligated artery were taken for fixation. Sections of distant, presumably nonischemic, left ventricle that appeared grossly normal were removed simultaneously, as was a portion of the right ventricle. Left ventricular tissue in the area of circumflex artery perfusion was also obtained under identical conditions from shamoperated control rabbits in which the coronary artery had not been ligated.
Some tissue sections were frozen rapidly in liquid nitrogen for immunofluorescence studies. Other sections were immersed in paraformaldehyde-lysine-periodate fixative for the ultrastructural localization of cathepsin D.
Localization of Cathepsin D by Immunofluorescence
Blocks of control, ischemic, and starved tissue were immersed in a mixture of 7% (wt/vol) gelatin and 150 HIM NaCl at 30°C and immediately frozen for 90 seconds with liquid nitrogen. Frozen sections, 4-6 /im thick, were cut parallel to the outer surface of the wall of the ventricle and fixed for 5 minutes in 4% (wt/vol) paraformaldehyde in phosphatebuffered saline (PBS), pH 7.4, freshly prepared from paraformaldehyde. Sections were washed in PBS for at least 1 hour before use.
Cathepsin D was localized by indirect immunofluorescence methods, as described in detail previously . Test sections were exposed to sheep anti-(rabbit cathepsin D) Fab' (1 mg/ml) in the presence of 5 mM cysteine for 1 hour. The specific sheep antiserum Fab', which remained bound to cathepsin D in the tissue slices, was then itself stained by exposure of the section to fluoresceinated pig anti-(sheep Fab')Fab' (0.2 mg/ml). Those sites in the cell where cathepsin D was present could thus be identified microscopically from their specific fluorescent staining. Control sections for nonspecific fluorescent staining were prepared by exposing the tissue slices first to a Fab' preparation from nonimmune sheep rather than from the sheep in which the antiserum against rabbit cathepsin D had been raised. All control sections displayed only weak diffuse cytoplasmic staining after subsequent treatment with fluoresceinated pig anti-(sheep Fab') Fab', with no evidence of particulate nonspecific staining Decker et al., 1977) .
Ultrastructural Localization of Cathepsin D
Small pieces of myocardium were fixed for 30 minutes in 4% paraformaldehyde-100 mM lysine-10 mM sodium periodate in PBS, plus 60 mM sucrose, pH 7.4 (McLean and Nakane, 1974) . Twenty-jum nonfrozen sections were prepared on a Smith-Farquhar tissue chopper and washed in several changes of PBS + sucrose. These sections were then incubated on a rotary shaker in sheep anti-(rabbit cathepsin D) Fab' (0.1-0.5 mg/ml) at room temperature for 2 hours or in the cold for 18 hours and washed extensively in PBS + 7% sucrose. Subsequently, sections were incubated for a similar interval in pig anti-(sheep Fab') Fab'-peroxidase (0.1-0.2 mg/ml) at room temperature [Decker et al., in press (b) ]. After a 1-hour wash in PBS + 7% sucrose, sections were treated with diaminobenzidine-HCl (DAB) and hydrogen peroxide (H 2 O 2 ) at pH 7.6 for 30 minutes. Subsequently, the tissue was postfixed in 1% osmium, "in block" stained in uranyl acetate for 30 minutes, dehydrated, and embedded in Epon. Thin sections were viewed in a Philips 200 EM unstained or after staining with uranyl acetate and lead citrate.
Results

Normal Rabbit Myocardium
In normal and sham-operated hearts, secondary lysosomes containing cathepsin D were distributed around myocytic nuclei and randomly along the length of most cardiac myocytes ( Fig. 1 ; . In the electron microscope, peroxidase-labeled anti-Fab' antibody reacted with secondary lysosomes in a pattern similar to that observed with fluorescent microscopy (Fig. 2) . Although the intensity of the peroxidase reaction varied somewhat, the vast majority of paranuclear granules exhibited electron dense deposits of oxidized DAB, representing sites of lysosomal cathepsin D (Fig. 3) . Dense bodies as well as autophagic vacuoles were heavily stained (Figs. 2 and 3). No diffuse cytoplasmic staining was apparent in myocytes from normal or sham-operated hearts. Elements of the sarcoplasmic reticulum and the Golgi complex rarely displayed evidence of antibody bound to cathepsin D (Fig. 3) .
Preincubation of rabbit heart sections with nonimmune Fab' totally abolished the staining of lysosomes by the peroxidase-labeled secondary antibody. Furthermore, treatment of such sections with DAB and H 2 O 2 generated little oxidation of the substrate (DAB) by cardiac lysosomes [Fig. 4 ; Decker et al., in press (b) ]. Thus, the staining observed was specific for cathepsin D and did not represent nonspecific deposition of reaction product.
Ischemic Rabbit Myocardium
In dramatic contrast to the granular lysosomal staining of normal myocytes, ischemia produced a profound redistribution of cathepsin D. In the fluorescent microscope, clusters of positively stained granules appeared to have enlarged, and many of the aggregates displayed "halos" of fluorescence, suggesting that enzyme had leaked out of damaged lysosomes (Fig. 5 ). Examination of the ischemic cells with the electron microscope confirmed that cathepsin D was indeed diffusing into the cytosol. Nonfrozen sections of ischemic myocardium incubated with peroxidase conjugated -Fab' antibodies revealed significant extralysosomal staining (Figs. 6 and 7), which was never observed on normal or sham-operated hearts. A gradient of peroxidase staining was often apparent in regions where lysosomes had ruptured ( Fig. 6 ): large amounts of cathepsin D could be visualized in the cytoplasm adjacent to the ruptured lysosomes, whereas the enzyme was spread more diffusely several micrometers away (Figs. 6 and 7) . No evidence of cathepsin D could be seen in areas that were devoid of secondary lysosomes (Fig. 6) , further implicating damaged lysosomes as the source of the cathepsin D responsible for the peroxidase reaction product. No increased staining was apparent in the Golgi or endoplasmic reticulum. In myofibrillar regions, anti-cathepsin D antibody often stained sarcomeres rather intensely ( Figs. 6 and 7) , and in specimens where damaged myofibrils were easily recognized, the thick filaments were stained as well (Fig. 7,  inset) .
Starved Rabbit Myocardium
Myocytes of rabbits starved for 6 days displayed enhanced diffuse imrnunofluorescence (Fig. 8) . The diffuse staining was located primarily in paranuclear areas of most myocytes and closely resembled that seen in ischemically injured myocytes (compare Figs. 5 and 8). However, ultrastructural inspection of myocytes from starved animals disclosed no peroxidase reaction product in the cytoplasm. Rather, in addition to the normal array of secondary lysosomes, components of the sarcoplasmic reticulum now exhibited significant amounts of cathepsin D ( Figs. 9 and 10) . The majority of stainable antibody resided with the membranes of the sarcoplasmic reticulum ( Fig. 9 ), but prolonged incubations tended to fill the cisternal spaces with reaction product.
Thus, although immunofluorescent microscopy revealed a dispersed staining pattern in starvation that was reminiscent of critically injured ischemic myocytes, electron immunocytochemical observations demonstrated that the origin of this staining pattern was an extensive relocation of cathepsin D within the sarcoplasmic reticulum and not release of the enzyme from secondary lysosomes into the surrounding cytosol.
Discussion
Cardiac lysosomal alterations accompany many pathological and physiological interventions. Traditional approaches for analyzing these changes have included biochemical, histochemical, and cytochemical techniques. Biochemical evidence of major changes in the distribution of lysosomal enzymes between sedimentable (or latent) and nonsedimentable subcellular fractions of tissue homogenates has been reported for many interventions (for reviews see Wildenthal, 1975; Wildenthal and Crie, in press) , including some as diverse as ischemia and starvation. Biochemical approaches, alone, suffer from an inability to distinguish between changes in myocytes vs. interstitial cells. Also, biochemical evidence of enzyme redistribution cannot differentiate between actual translocation of enzyme within the cell on the one hand, and an altered fragility of lysosomes that can affect the amount of organellar rupture and enzyme release during homogenization, on the other.
Histochemical studies can resolve some of these problems. For example, with immunohistochemical staining for cathepsin D, it has been possible to FIGURES 3 and 4 Figures demonstrate the localization of pig anti-(sheep Fab') Fab' -peroxidase in normal cardiac myocytes exposed to immune (Fig. 3; test sections) and non-immune ( Fig. 4; control Figure 4 illustrates that lysosomes (arrows) incubated in nonimmune Fab' reveal no nonspecific staining, (m) mitochondria; (N) nucleus; (S) myofibrils. Figure 3 = 24,000X ; Figure 4 = 55,000x.
sections for nonspecific staining) sheep anti-(rabbit cathepsin D) Fab' antibodies. Two classes of lysosomes disclose significant deposits of specific reaction product; these include dense and/or residual bodies (D) and autophagic vacuoles (A). Neither the Golgi complex (G) nor the sarcoplasmic reticulum (arrows) exhibits significant amounts of cathepsin D.
FIGURES 5 and 6 Figures exhibit the distribution of fluorescein-(Fig. 5) and peroxidase-(Fig. 6 ) labeled anticathepsin D antibodies in myocytes subjected to a 1-hour ischemic insult. In the light microscope, enlarged clusters of lysosomes surrounded by a halo of fluorescent staining characterize ischemically injured myocytes (Fig. 5) . Ultrastruc-FIGURE 7 Figure displays the cytoplasmic location of cathepsin D in 1-hour ischemically injured myocytes. Extensive patches of reaction product can be observed at the site of a completely ruptured lysosome (arrows). Evidence of enzyme diffusion is also apparent in this micrograph, as is staining of the myofibrils. This latter feature is depicted at higher resolution in the inset. Here, peroxidase reaction product can be observed "coating" the thick filaments (arrows) of a damaged myofibril. Figure 7 = 37,500x; inset = 66,000x. demonstrate that the changes in lysosomal cathepsin D during ischemia and starvation are unique to myocytes rather than interstitial cells, and that the biochemical alterations in enzyme distribution are the result of anatomical relocation within the cell and not merely a reflection of increased rupture of secondary lysosomes during homogenization Decker et al., 1977) . On the other hand, biochemical redistribution of cathepsin D in hearts of old animals was revealed by immunohistochemical analysis to be correlated with increased size and fragility of lysosomal vacuoles, turally, many damaged cells reveal significant quantities ofperoxidase reaction product in the paranuclear cytoplasm (arrowheads). Moreover, the cathepsin D appears to be dispersed in a gradient away from a central source (the ruptured lysosome). Myofibrils near these damaged lysosomes frequently disclose enhanced staining of their thick and thin filaments (arrows) . Little or no staining of myofibrils (S) is seen in areas lacking lysosomes. Figure 5 = 1000X ; Figure 6= 17,000x.
XK;
• FIGURES 8 and 9 Figures illustrate the localization of fluorescein- (Fig. 8) and peroxidase-(Fig. 9 ) labeled anticathepsin D antibodies in cardiac cells of rabbits starved for 6 days. Starvation induces a diffuse paranuclear (N) fluorescence (arrows) similar to that observed in ischemic myocytes (Fig. 5) . However, the electron microscope ( Fig. 9 ) without any anatomical redistribution of enzyme within the living cell .
Despite its obvious advantages, however, immunohistochemistry is imperfect. The limits of resolution at the level of magnification used with fluorescence microscopes prevent an adequate definition of the exact subcellular location of enzyme. Thus, without the ability to localize cathepsin D ultrastructuraUy, it had been impossible to know if redistribution of the enzyme during starvation is identical to that during ischemia or if it is fundamentally different. Conjugation of anti-cathepsin D antibodies to the electron dense tracer horseradish peroxidase has now allowed us to adapt our immunohistochemical techniques to the electron microscope [Decker et al., in press (b) ]. This ultrastructural approach has provided firm evidence that the redistribution of myocytic cathepsin D during ischemia is the result of leakage of enzyme from lysosomes into the surrounding cytosol, whereas starvation-induced redistribution of this proteinase is the result of a distinctly different process.
As ischemia progresses, continuity of the lysosomal membrane is lost, and release and diffusion of the enzyme occur ( Figs. 6 and 7) . Thus, the bio-chemically observed rise in nonsedimentable cathepsin D in association with a diffuse immunofluorescent staining pattern at the light microscopic level accurately portrays the breakdown of lysosomes within the cell. Indeed, the released proteinase often seems to adsorb to myofilaments where, if the pH were low enough, it might catalyze the degradation of myofibrillar protein (Schwartz and Bird, 1977) and contribute to the subcellular damage of ischemia.
In contrast, the present ultrastructural studies reveal that the biochemical and histochemical redistribution of cardiac cathepsin D during starvation is not the result of release of the enzyme into the cytosol. Rather, increased amounts of cathepsin D are present throughout the cell, confined within the sarcoplasmic reticulum. Perhaps the sarcoplasmic reticulum is involved in the process of synthesizing new cathepsin D, transporting it, and packaging it within new primary lysosomes (Topping and Travis, 1974; . The functional significance of this increased (presumably newly synthesized) cathepsin D in starvation remains to be elucidated; it does not appear to be related to an increased capacity for reveals that no cathepsin D is present in the cytosol; instead, there is widespread staining in elements of the sarcoplasmic reticulum (arrows), which are intercalated between myofibrils (S). This feature is responsible for the dispersed pattern of cathepsin D distribution seen in starved myocytes. Figure 8 = 800X; Figure 9 = 37,500x. VOL. 46, No. 4, APRIL 1980 endogenous protein degradation by the heart (Crie et al., in press ). Hoffstein and co-workers (1975) have observed that, in normal dog heart, the sarcoplasmic reticulum houses considerable quantities of "lysosomal" acid phosphatase and aryl sulfatase. In our studies, significant amounts of cathepsin D were detectable in sarcoplasmic reticulum only after starvation, not in normal hearts. The reason for this difference is not certain, but studies of acid phosphatase and aryl sulfatase in rabbits suggest that species variability may be an important factor.
In conclusion, the present experiments serve to emphasize that studies involving only biochemical and histochemical approaches can give an incomplete picture of the lysosomal effects of certain interventions. Adaptation of immunohistochemical techniques to the electron microscope has provided a major advance in the ability to describe alterations in the subcellular distribution of lysosomal enzymes. With this approach, we have demonstrated definite leakage of lysosomal enzymes during ischemia. During starvation, on the other hand, there is no leakage of enzyme, and the redistribution observed with other techniques is a reflection of increased amounts of cathepsin D in the sarcoplasmic reticulum.
